It was found that either polymorph B or polymorph C of zeolite beta can be obtained from the same structure directing agent: 4,4-dimethyl-4-azonia-tricyclo[5.2.2.0 2, 6 ]undec-8-ene hydroxide. The synthesis occurs through a consecutive process where polymorph B is first formed and then transformed into polymorph C. It is possible to produce a zeolite highly enriched in polymorph B, provided that the transformation of this phase into polymorph C is slowed down up to the point where polymorph C is only detected at trace levels. The structure of polymorph B was determined for the first time by electron crystallography with SAED and HRTEM from areas of unfaulted polymorph B crystals.
Introduction
Zeolites are crystalline microporous materials that show interesting properties in catalysis, gas separation, and other important technological applications. 1, 2 Currently, 179 recognized zeolite framework types 3 have been synthesized within a large spectrum of pore diameters and topology networks. [4] [5] [6] [7] [8] [9] The synthesis of a particular structure, when several potential structures compete, is determined by variables such as the silica source, organic structure directing agent (OSDA), presence of other framework elements, gel composition, synthesis temperature, and time. Since the crystallization of a specific material in zeolite synthesis is kinetically controlled, a thermodynamically less stable OSDA-zeolite composite can crystallize in a given system. Nevertheless, the relative stability of potentially competing nuclei toward redissolution may indicate as to which zeolite will preferentially be formed during the early stages of synthesis. 10, 11 Burton has nicely shown, by molecular modeling and experimental work, the important role of an OSDA on the stabilization of a particular structure. 12 However, zeolites are metastable phases, and a sequential phase transformation can occur in structures of the same family that present different thermodynamic stabilities.
The family of zeolite beta consists of three polymorphs: [13] [14] [15] polymorph A (*BEA 
. While the structure of polymorph C was determined by several different techniques, [16] [17] [18] the structures of polymorphs A and B are still hypothetical. Electron crystallography has been shown to be an important technique in structure determination of nanosized crystals including zeolites. 19 There are two main advantages of structure determination by electron crystallography as compared to X-ray diffraction (XRD): (1) crystals millions of times smaller than those needed for X-ray diffraction can be studied and (2) the phases of the crystallographic structure factors, which are lost in XRD, are present in transmission electron microscopy (TEM) images. A combination of electron crystallography with other techniques is even more powerful for the determination of complex structures. One excellent example is the structure determination of the zeolite IM-5 (IMF) by combining electron crystallography and the charge-flippy algorithm on powder XRD data. 20 Recently, a new family of materials enriched in polymorph B of the beta family was reported. 21, 22 There, it was claimed that polymorph B/polymorph A ratios were 95:05, 75:25, and 65:35 for NCL-5, NCL-6, and NCL-7, respectively. However, the polymorph ratios were assigned by just comparing the experimental XRD patterns of the samples with the simulated patterns for random intergrowths of polymorphs A and B in those papers, and no crystallographic information was given. A close check of the XRD patterns from the NCL materials ( Figures 2 and 3 and of ref 21) shows that a considerable amount of polymorph C of zeolite beta also is present in all NCL samples. The presence of polymorph C easily can be confirmed by a shoulder around the first peak, as well as two separate peaks at 2θ around 22° (Figure 3 of ref 21 ), one from polymorph B and the other from polymorph C. Taking all these into account, it appears that the results presented do not support the claims by the authors.
Calorimetric experiments 23 indicated that polymorph C of zeolite beta, either as a germanate 16 or silicogermanates, 17 is more stable than zeolite beta, which is an intergrowth of polymorphs A and B (60 and 40%, respectively). Nevertheless, extrapolated values for the pure silica forms indicate that zeolite beta is more stable than polymorph C. However, one should take into account that those values were obtained for samples where the organic molecule was previously removed and that the presence of organic molecules strongly helps to stabilize a given structure during synthesis. When we carried out the synthesis of the pure silica polymorph C of zeolite beta, it was observed that the formation of polymorph C occurred by a phase transformation from polymorph B enriched beta (Pol A/Pol B ) 35: 65). 24 Here, we present a synthesis route that maximizes the amount of polymorph B by controlling the reaction kinetics and the raw material sources. A zeolite beta highly enriched with polymorph B (Pol A/Pol B ) 15:85) was obtained. Finally, the structure of polymorph B could be determined by electron crystallography from areas of unfaulted polymorph B crystals.
Experimental Procedures
Synthesis and Design of Experiments. The global crystallization process of the zeolite beta family in the presence of 4,4-dimethyl-4-azonia-tricyclo[5.2.2.0 2, 6 ]undec-8-ene hydroxide (OSDA) can be described by the consecutive transformations of an amorphous material to an intermediate zeolite beta (process 1) or polymorph B (process 2) and then to polymorph C (process 3), as shown in Figure 2 . To obtain a material with the highest proportion of polymorph B, process 3 should be minimized. Following this, we explored the variables that influence the crystallization rate, hoping to find conditions where the transformation of polymorph B into polymorph C (process 3) is preferentially slowed down. In addition, it is also necessary that the reaction rate 2 . 1, to produce pure polymorph B or, at least, a material highly enriched in polymorph B.
Since the raw material source is an important synthesis variable and influences the nucleation and growth processes in zeolite synthesis, different silica and titania sources including MCM-41 and Ti-MCM-41 were tested. The Si source and the presence of Ti may have an influence on the kinetics of processes 1 and 2 in the ]undec-8-ene hydroxide was used as the SDA. The synthesis of the SDA also was described in previous work. 24 Polymorphs B and C (ITQ-17) of the beta family were synthesized hydrothermally. The synthesis gel was prepared by mixing a silica (or silica/titania) source (Ludox AS-40, MCM-41, or Ti-MCM-41) with alkaline solutions of SDA(OH) and KOH. When Ludox was used as the silica source, titanium(IV) ethoxide was added after the mixture was homogeneous. Finally, an aqueous NH 4 F solution was added, resulting in a thick gel. This gel was transferred to a Teflon-lined stainless steel autoclave and heated at 175°C at different crystallization times. The solids were recovered by filtration, extensively washed with boiling water, and dried at 100°C overnight. The general gel composition was SiO 2 /xTiO 2 / 0.5SDAOH/0.25KOH/0.5NH 4 F/yH 2 O. Detailed synthesis conditions and final products are given in Table 1 .
Characterization Techniques. Powder XRD measurements were performed on a Philips X'Pert MPD diffractometer equipped with a PW3050 goniometer, using Cu KR 1,2 radiation. The titanium and silicon contents were analyzed with an ICP optical emission spectrometer (Varian 715-ES). Scanning electron microscopy (SEM) was performed on a high-resolution scanning electron microscope (JEOL JSM-7401F) at 2.0 kV with a working distance of 2.0 mm. Solid state 19 F NMR spectroscopy was carried out at room temperature on a Bruker AV-400 spectrometer with magic angle spinning (MAS) at 376.28 MHz using a Bruker probe with 2.5 mm diameter zirconia rotors spinning at 25 kHz. Solid state 19 F NMR spectra were collected using pulses of 4.5 µs corresponding to a flip angle of Π/2 rad. A recycle delay of 100 s was used to ensure complete recovery of magnetization.
Structure Determination. Selected area electron diffraction (SAED) and TEM were performed on a JEOL JEM-2000FX instrument at 200 kV with a maximum tilt range of (45°and on a JEM-3010 instrument at 300 kV with a point resolution of 1.7 Å. Samples for TEM were dispersed in ethanol by ultrasound. A drop of the suspension was transferred onto a copper grid covered by holey carbon films. SAED patterns and high resolution transmission electron microscopy (HRTEM) images were recorded on a KeenView CCD camera from Olympus Soft Imaging Solutions and a Gatan Multiscan 600HP CCD camera, respectively.
Quantification and indexation of SAED patterns were performed by the programs ELD 27 and PhIDO from Calidris, Sweden, respectively. Unit cell parameters were determined from a tilt series of SAED patterns by the program Trice.
28 Amplitudes and phases of the crystallographic structure factors were determined from HRTEM images by the program CRISP.
29 3-D potential maps were reconstructed using the program eMap from AnaliTEX, from which atomic coordinates of the Si atoms were determined. coordinates of Si and O atoms were refined by distance least-squares refinement using the program DLS-76.
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Results and Discussion
Synthesis of Polymorph B of Beta Family. We found that the H 2 O/SiO 2 ratio is important for controlling the transformation rate of beta or polymoph B to polymorph C. At a H 2 O/SiO 2 ratio of 7.5, an amorphous material first was formed that evolved into a beta-type zeolite enriched in polymorph B (60%) after 7 days (Table 1) . This was transformed into polymorph C, and the pure silica polymorph C was synthesized in 14 days. To decrease the rate of this transformation, we increased the dilution of the gel to H 2 O/ SiO 2 ) 15. Since all the beta samples obtained present a higher content in polymorph B than usual, it seems that this SDA favors, preferentially, the formation of polymorph B instead of A. Because of that, increasing the gel dilution should also favor the formation of the thermodynamically more stable phase, polymorph B. Indeed, at H 2 O/SiO 2 ) 15, a material with 85 ( 5% of polymorph B and 15 ( 5% of polymorph A was obtained (see Table 1 and Figure 3 ). This was determined by comparing the XRD pattern of the experimental sample with simulated diffraction patterns of zeolite beta containing different A/B ratios, obtained with the DIFFaX program 32 (see Figure 4 ). In the sample with the highest ratio of polymorph B, the presence of polymorph C could not be detected by XRD. However, the 19 F MAS NMR spectrum of the as-made material has three signals at -38.3, -60.7, and -70.3 ppm ( Figure 5 ). The very small signal at -38.3 ppm is assigned to the presence of fluoride anions within double 4-ring (D4R) units. 33 These secondary building units are present neither in polymorph A nor in B but only in polymorph C. Therefore, even if polymorph C cannot be detected by XRD, we can say that it is present in the material at trace levels.
When the synthesis at H 2 O/SiO 2 ) 15 was prolonged for 14 days, some of the material enriched with polymorph B still was present, although polymorph C was the major phase observed. A further gel dilution (H 2 O/SiO 2 ) 20) strongly slowed down the rate of crystallization, and even after 14 days, only amorphous material was detected.
Since we achieved a beta sample highly enriched in polymorph B and practically free of polymorph C, we used that material as seed under best synthesis conditions with the aim of favoring the formation of polymorph B. Unfortunately, the results did not improve: 85 ( 5% polymorph B containing material was formed after 7 days. Since the presence of Ti has been reported to decrease the crystallization rate of zeolites, 34 we used different levels of Ti, as Ti(IV) ethoxide, within the synthesis gel. Ti decreases the rate of crystallization of all the different polymorphs but did not increase the polymorph B content (see Table 1 ).
Finally, silica MCM-41 and Ti containing MCM-41 were used as sources of silica for the synthesis (see Table 1 ). The rate of crystallization decreased. Only with Ti-MCM-41 (2 wt % Ti) was a sample with 85 ( 5% polymorph B obtained. The pure silica sample containing 85% polymorph B was used to determine the crystal structure of polymorph B.
Determination of Polymorph B Structure. The polymorph B enriched sample was studied by both SEM and TEM. The crystals were rod-like with the longest dimension (0.5 to ∼2 µm) along the [110] direction and the other two dimensions along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction and that perpendicular to the ab plane (0.1 to ∼0.7 µm) (see Figure 6 ). As noted already by Newsam et al., 13 the crystal surfaces were not smooth. A large number of sharp ridges were formed, as is evident in the SEM image (Figure 6 ). The crystals are slightly wedge-shaped.
SAED patterns from different areas and different directions show that most crystallites contain twins of polymorph B indicated by twinned SAED patterns or stacking faults indicated by streaks in the SAED patterns. In general, the twinning and stacking faults were observed more frequently near the surface than in the bulk of the crystallites. The unfaulted polymorph B crystals are large enough for a complete structure determination of polymorph B by electron crystallography on SAED and HRTEM. The structure solution is presented next.
The unit cell of polymorph B was determined from a tilt series of SAED patterns, using the programs ELD 27 and Trice. 28 The unit cell parameters were a ) 17.97 Å, b ) 17.97 Å, c ) 14.82 Å, R ) 90°, ) 113.7°, and γ ) 90°. The possible space groups were Cc and C2/c, deduced from the reflection conditions observed from the SAED patterns: hkl: h + k ) 2n; h0l: h ) 2n and l ) 2n; and 0k0: k ) 2n.
HRTEM images of polymorph B taken along the [1-10] direction show clearly 12-ring channels arranged in an ABCABC. . . stacking sequence, characteristic of the polymorph B structure (Figure 7a) . The lattice averaged projection derived from the HRTEM images shows two-fold symmetry and is consistent with the space group C2/c ( Figure  7a ). Well-resolved 4-, 5-, and 6-ring structures are observed from the HRTEM images.
Structure determination was made from the thinnest area of the polymorph B crystal in the HRTEM image ( Figure  7a) . Because of the symmetry, HRTEM images taken along the [1-10] direction were equivalent to those taken along the [110] direction. These directions are 90°from each other.
Thus, it is possible to obtain a complete 3-D structure of polymorph B from the single [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] projection. Amplitudes and phases of the crystallographic structure factors of 39 independent reflections with d > 2.5 Å were extracted from the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] HRTEM images by the program CRISP.
29 These 39 independent reflections (with indices (hhl)) further generated a total of 152 reflections (with indices (hhl), (h-hl), (-hh-l), and (-h-h-l)) that were used for reconstructing the 3-D potential map by the program eMap 30 (Figure 7b ). All nine Si atoms could be resolved in the 3-D potential map ( Table 2 ). Each of them was connected to four other Si atoms, resulting in a 3-D framework (Figure 7b ).
Oxygen atoms could not be resolved at the current resolution of the HRTEM images but were inserted geometrically between the neighboring Si atoms. The nine unique Si and a total of 16 unique O positions were then refined by a distance least-squares refinement using the program DLS-76. 31 The unit cell parameters also were refined by DLS-76 to be a ) 17.70 (15) 
Conclusion
We found that the same OSDA that directs the formation of polymorph C of zeolite beta can selectively form, in a preceding synthesis step, zeolite beta samples enriched in polymorph B. By optimizing the synthesis conditions, it was possible to obtain zeolite beta highly enriched in polymorph B, provided that the transformation of this phase into polymorph C was slowed down, up to the point where polymorph C was only detected at trace levels. SAED patterns from different areas and directions showed that most crystallites contain twins of polymorph B or stacking faults. The twinning and stacking faults were observed more frequently near the surface than in the bulk of the crystallites. The structure of polymorph B was successfully determined by SAED and HRTEM from the areas of unfaulted polymorph B crystals. 
